A simple gel technique is described for the detection of large, covalently closed, circular DNA molecules in eucaryotic cells. The procedure is based on the electrophoretic technique of Eckhardt (T. Eckhardt, Plasmid 1: [584][585][586][587][588] 1978) for detecting bacterial plasmids and has been modified for the detection of circular and linear extrachromosomal herpesvirus genomes in mammalian cells. Gentle lysis of suspended cells in the well of an agarose gel followed by high-voltage electrophoresis allows separation of extrachromosomal DNA from the bulk of cellular DNA. Circular viral DNA from cells which carry the genomes of EpsteinBarr virus, Herpesvirus saimiri, and Herpesvirus ateles can be detected in these gels as sharp bands which comigrate with bacterial plasmid DNA of 208 kilobases. Epstein-Barr virus producer cell lines also show a sharp band of linear 160-kilobase DNA. The kinetics of the appearance of this linear band after induction of viral replication after temperature shift parallels the known kinetics of Epstein-Barr virus production in these cell lines. Hybridization of DNA after transfer to filters shows that the circular and linear DNA bands are virus specific and that as little as 0.25 Epstein-Barr virus genome per cell can be detected. The technique is simple, rapid, and sensitive and requires relatively low amounts of cells (0.5 x 106 to 2.5 x 106).
Covalently closed circles (CCC) of DNA such as bacterial chromosomes, plasmids, and some bacteriophages are commonly found in bacteria. In mammalian cells CCC are found both in the cytoplasm as mitochondrial DNA and in the nucleus of cells lytically infected with papovaviruses. Smaller CCC of unknown origin have been described (4, 25, 29) but have yet to be fully characterized. Epstein-Barr virus (EBV)-, Herpesvirus saimiri-, and Herpesvirus ateles-positive cell lines contain large numbers of extrachromosomal CCC of viral DNA, 150 to 200 kilobases (kb) in size (for reviews, see references 2 and 9). Viral DNA from particles of these three herpesviruses is a linear duplex ranging in size from 140 to 160 kb.
The search for CCC in mammalian cells has been hampered by the vast excess of chromosomal DNA. Therefore, CCC of DNA had to be partially purified before they could be detected, usually by electron microscopy. The enrichment has been done either by gentle DNA extraction followed by equilibrium centrifugation in CsCl-ethidium bromide (EtBr) gradients or by alkali extraction of nuclei at pH 12.4 followed by phenol extraction and phase separation of duplex circular and denatured DNA (10) . The handling of DNA in these methods frequently causes single-strand breakage in a large proportion of high-molecular-weight CCC. Both methods have worked for cells from the three virus-associated tumors because of the large number of CCC in these cells, but relatively large amounts of cells and considerable efforts are required for such analyses.
For bacterial systems, the detection has been easier because even single copies of large CCC of plasmid DNA can constitute 5 to 20% of total cellular DNA. Eckhardt has developed a technique to detect these large molecules (6) . He first converts the bacteria to protoplasts or spheroplasts in the well of an agarose gel and then subjects them to gentle lysis in situ by slowly electrophoresing sodium dodecyl * Corresponding author. sulfate (SDS) into the spheroplast suspension. The released DNA is then directly analyzed by high-voltage electrophoresis. The absence of any mechanical handling prevents most shear-induced breakage of the DNA; thus, the bulk of chromosomal DNA remains in large segments and is excluded from the gel. A small amount of cellular DNA which enters the gel and migrates as a broad linear DNA front probably arises from random fragmentation of a small fraction of the chromosomes. Plasmids ranging in size from 3.2 to 600 kb have been resolved as sharp bands between the linear DNA front and the origin (22) . We have found that with minor modifications this method can be used successfully to detect CCC of DNA in mammalian cells, and we have used it to study the intracellular forms of herpesvirus DNA. The method is simple, requires only 0.5 x 106 to 2.5 x 106 cells, and results in the separation of circular forms of viral DNA from host chromosomal DNA. In addition, a separate band corresponding to linear viral DNA molecules can be detected at the bottom of the gel.
MATERIALS AND METHODS
Cells. Lymphoid cell lines were cultured in RPMI 1640 medium supplemented with 10% fetal calf serum, penicillin (100 U/ml), and streptomycin (0.1 mg/ml). Between 5 x 105 and 2 x 106 cells per ml were maintained in an atmosphere of 5% CO2 in air at 37°C.
EBV DNA-carrying cell line Raji (gift from J. L. Sullivan) was derived from an African Burkitt lymphoma (20) . Cell lines Jijoye and P3HR-1 are virus-producing cell lines. Jijoye was derived from an African Burkitt lymphoma (19) , and P3HR-1 is a clonal line of Jijoye (14) . Cell line QIMR-WIL was derived from a human myeloblastic leukemia patient (18) .
Cell line 8402 (gift from J. L. Sullivan) is an EBV-negative T-cell line derived from a human leukemia patient (23 4 [height] cm) was placed 3 cm from the short end of the plate. Gels were usually 7-to 8-mm thick but were sometimes thicker to accommodate larger amounts of cells. (ii) After the agarose was solidified, the bar was removed, and a comb (14 by 0.7 cm) was placed in the resulting cutout against the agarose, i.e., 5 cm from the short end of the gel. The remaining area of the trough was filled with 0.8% agarose in TBE with 2% SDS to which pronase (final concentration, 1 mg/ml) had been added after the agarose had cooled to 500C. After 30 min, the comb was removed, and the gel was transported to a 4°C area. Wells were loaded with suspensions of cells in 15% Ficoll, and electrophoresis (3 h at 0.8 V/cm) was started immediately to avoid SDS diffusion. After electrophoresis (24 h at 4.5 V/cm), the gel was washed with gentle rocking three times for 30 min in 1 liter of 10 mM sodium phosphate (pH 7.0). The gel was then stained with EtBr as described above.
Hybridizations. The DNA in the gel was partially depurinated (8 min in 250 ml of 0.25 M HCI), melted in 0.5 M NaOH in 1.5 M NaCl, neutralized, and transferred to aminophenylthioether (APT) paper or to nitrocellulose filters (26) Fig. 1 . A faint band migrating at a rate slightly faster than the 208-kb Ti plasmid is detectable by EtBr staining of the gel (Fig. 1A, lane 3) . When the DNA is transferred to APT paper and hybridized to the EBV-specific probe pDK-52 (Fig. 1B, lane 3) , this band can easily be detected. The size of the circular EBV genome in P3HR-1 cells has been determined by electron microscopy to be 179 kb (11) and would thus be expected to have the approximate electrophoretic mobility as that observed in Fig. 1A and B, lanes 3. P3HR-1 cells contain an average of 11 to 14 circular viral genomes per cell (5) .
In addition to the circular forms of EBV DNA in P3HR-1 cells, linear forms have also been detected by density gradient centrifugation (5) at concentrations of several hundred copies per cell, reflecting the moderate level of infectious virus produced by these cells (13) . Gel analysis of P3HR-1,cells reveals a discrete, sharp band migrating within the iinear chromosomal fragment zone (Fig. lA, lane 3) ; this band hybridizes to the EBV-specific probe pDK-52 (Fig. 18,  lane 3 ). This hybridization is specific for EBV sequences since fragmented chromosomal DNA from either the EBVnegative cell line 8402 (23) (Fig. 1B, lane 4 (15) . After the filter was washed, it was exposed to Kodak XAR-2 film for 12 h at -70'C. cells grown continuously at 370C ( Fig. 2A and B, lanes 3) . A significant increase in EBV-specific DNA was revealed after the temperature shift.
This increased amount of EBV-specific DNA migrates in the range of partially degraded, linear cell DNA. Since this band increases in intensity under the same conditions as those reported to stimulate virion production (24) , it presumably represents the linear form of the viral genome. We also observed that the number of circular genomes per cell is much less affected by the shifting of temperature than by the amount of linear DNA. This suggests that circular viral DNA replication in these cells is regulated by a mechanismn different than that involved in linear viral DNA replication.
We also examined P3HR-1 cells, an EBV-producer cel line which, like its parent cell line Jijoye, increases production of infectious virus when the culture temperature is shifted from 37 to 330C (17) . The amount of hybridization of EBV DNA in the region of linear DNA fragments shows a strong increase as a result of the temperature shift from 37 to 330C. This is seen when we compare lanes 5 (370C) and 6 (330C) of Fig. 2A Raji cells, a nonproducer cell line (20) , contain 50 to 60 copies of the EBV genome per cell in a conformation of CCC (16) . The size of these circular molecules has been determined by electron microscopy to be 178 kb (5) . Gel analysis of this cell line ( Fig. 2A and B To show that the sharp band visible in the lower part of the gel of EBV-producing cells is indeed linear viral DNA, we compared its migration with that of purified EBV virions and DNA and that of herpes simplex virus type 1 (HSV-1) virions and DNA, all subjected to the same lysis and electrophoretic conditions as were EBV-producing P3HR-1 cells (Fig. 3A) . The first four lanes of Fig. 3A and B display EBV DNA, DNA from nonproducer Raji cells, EBV-producer P3HR-1 cells, and virions purified from P3HR-1 cells, respectively. For comparison, Fig. 3A , lanes 5 and 6 contain HSV-1 DNA and virions, respectively. As size markers for smaller DNA, adenovirus type 1 (Adl) virions are loaded in Fig. 3A , lane 7, whereas lane 8 has a mixture of Adl DNA (35 kb) and its EcoRI fragments (27, 6 , and 3 kb). The DNA in lanes 1 to 4 of Fig. 3 are transferred to nitrocellulose and hybridized to EBV DNA. Figure 3B shows that the bands in Fig. 1A , lane 3, Fig. 2A, and Fig. 3A , lane 3, are indeed EBV DNA and comigrate with EBV DNA in Fig. 3A ateles probe was eluted with 0.5 N NaOH, and the paper was prehybridized and hybridized with 32P-labeled pSP47 containing the left-most 15.1 kb of H. saimiri 11 L-DNA under the conditions described in the legend for Fig. 1B. B). The results clearly show that the sharp band observed in EBV-producer cells (Fig. 1, 2 , and 3) comigrates with EBV DNA purified (Fig. 3B, lane 1) or released from virions (Fig.  3, lanes 4 ) and with HSV-1 DNA and virions (Fig. 3A , lanes 5 and 6, respectively) and migrates slightly slower than does Adl DNA from virions (Fig. 3A, lane 7) or purified Adl DNA and its EcoRI fragment A (Fig. 3A, lane 8) . Smaller linear DNA migrates faster as the Adl EcoRI fragment B in Fig. 3A , lane 8, shows; EcoRI-C has migrated off the gel. However, the gel system does hot discriminate well between linear DNA in the 27-kb (Adl EcoRI-A) and 160-kb (herpesvirus DNA) range.
H. saimiri and H. ateles. The intracellular forms of viral DNA found in lymphoma cell lines carrying H. saimiri and H. ateles genomes are shown (Fig. 4) ; cell line 5-78, derived from an H. ateles-induced lymphoma of ACCRB rabbits, reveals two distinct bands migrating as CCC of DNA of ca. 190 and 180 kb (lane 1). Although differences in genetic content of these two plasmids have not been determined, each plasmid is seen to hybridize to H. ateles DNA isolated from infectious virus particles (Fig. 4B, lane 1) . It is interesting to note that there is only a very small amount of fragmented chromosomal DNA released from 5-78 cells. Before gel analysis these cells were cultured for 7 days at a low cell density (ca. 105 cells per ml), which did not stimulate growth. Such a resting culture may not contain many nonviable cells, which presumably give rise to degraded chromosomes. Analysis of a sample of these cells from an exponentially growing culture revealed a more typical amount of DNA in this region (data not shown). In addition, no linear H. ateles DNA can be detected from these cells by hybridization, as expected of nonproducer cells. Cell line 22CM37, derived in vitro from H. ateles-transformed marmoset lymphocytes is shown (Fig. 4, lanes 2 Fig. 4 , lanes 3 and 4, respectively. The viral DNA in both of these cell lines has been shown by electron microscopy and CsClEtBr density gradient centrifugation to exist in a CCC conformation. The size of H. saimiri DNA in 1670 cells has been determined to be 209 kb and in 70N2 cells is 184 kb (28) . A band corresponding to plasmids of these sizes can be detected by EtBr staining of the gel (Fig. 4A) . Subsequent to the H. ateles hybridization analysis shown in Fig. 4B , the same APT paper was washed under denaturing conditions and then hybridized to plasmid pSP47 containing H. saimiri specific DNA sequences. The autoradiogram obtained is shown in Fig. 4C . Both cell lines show specific hybridization to this probe in the area of 190-kb CCC, whereas no linear viral DNA forms are detected. This correlates with the reported nonproducer status of these cell lines (28). diogram obtained is shown in Fig. 4C (Fig. 5, lane  1) , the resulting dilution corresponded to one circular genome per cell. The band corresponding to circular DNA is easily detected by hybridization with the pDK-52 probe. samples has migrated off the gel due to the longer electrophoresis time. The horizontal gel system thus affords greater sensitivity by blot hybridization techniques, since we can now detect as few as 0.25 EBV circular genome per cell. In contrast, the fluorescent signal of EtBr-stained gels decreased compared with that of vertical gels, possibly as a result of the increased gel thickness. DISCUSSION CCC forms of DNA can be detected in mammalian cells by gentle lysis of the cells in the well of an agarose gel followed directly by electrophoresis. This procedure, originally described by Eckhardt (6) for detecting bacterial plasmids, resolves plasmids ranging in size from 3.2 to 600 kb (22) . The method of Eckhardt is easily modified for mammalian cells as shown in this paper. These modifications include: electro phoresis at 4°C to reduce nuclease activity and to prevent excessive heating of the gel, the addition of pronase to the lysing mixture (probably removes tightly bound nuclear proteins), application of fewer total cells to each lane of the gel, and the omission of lysozyme from the lysis mixture.
The procedure is rapid and requires only 5 x 105 cells. The limit of detection of CCC of DNA in the vertical gel system is two to five viral genomes per cell. Adapting the method to horizontal gels resulted in an increased sensitivity of at least 0.25 circular EBV genome per cell (Fig. 5) .
We conclude that this gel system, in addition to detecting circular DNA forms, can also be used to detect linear 160-kb DNA. We base this conclusion on the following results: (i) a sharp band can be seen in fluorographs below the major area in which partially degraded chromosomal DNA migrates when EBV producer cells are analyzed but not when nonproducer cells (e.g., Raji) are tested, (ii) this band increases sharply in intensity under conditions in which virus production is known to increase, e.g., a shift in temperature from 37 to 33°C for P3HR-1 cells (Fig. 2, lanes 5 and 6) and Jijoye cells (Fig. 2, lanes 2 and 3) , (iii) hybridization of EBV DNA increases seemingly proportional to the increase in fluorescence of this band, (iv) the amount of hybridization of EBV DNA to this band is directly correlated with conditions known to increase the amount of virus production and is independent of the amount of cellular DNA degradation (cf. Fig. 2A and B, lanes 5 and 6), (v) HeLa cells infected with HSV-1 show a similar band in this area which hybridizes to a cloned HSV-1 DNA fragment (data not shown), but this hybridization is not detected in uninfected control HeLa cells, (vi) purified P3HR-1 virions or EBV DNA show DNA comigrating with this band which hybridizes to EBV DNA, (vii) this band also comigrates with HSV-1 DNA and the DNA released from HSV-1 virions, (viii) Adl DNA (35 kb) either purified or released from virions migrates slightly faster than does EBV DNA (160 kb). Under the conditions used, Adl EcoRI-A (28 kb) migrates only slightly faster than does Adl DNA (35 kb), whereas EcoRI-B (5.6 kb) migrates considerably faster than does EcoRI-A (Fig. 3A, lane 8) .
As is expected (1), large linear EBV DNA migrates considerably faster than does its equally sized circular DNA. Small circular DNA such as that of pBR322 or simian virus 40 comigrates with the band of broken chromosomal DNA (data not shown).
We have found the gel technique to be useful in examining the intracellular state of herpesvirus genomes in immortalized cell lines. In the lymphoblastoid cell lines studied (except perhaps QIMR-WIL), the circular form is always present, whereas the linear DNA form may or may not be VOL. 50, 1984 on July 2, 2017 by guest http://jvi.asm.org/ Downloaded from detected. Thus, the circular viral genome is indicative of latent, nonproductive infection, whereas the existence of linear forms indicates virus-producing cells. The role of the viral genome in such transformed cell lines and the significance of its physical conformation are not well understood. The simple procedure used here, however, may aid in the study of such cell-virus relationships by allowing the separation and detection of small amounts of circular viral genomes in a large excess of linear forms in virus-producing cells.
This gel technique has also been used to probe for the presence of EBV genomes in cells of patients with X-linked lymphoproliferative disease, an immunodeficiency syndrome (12) . Cell lines from two patients who had not responded to antiviral therapy were found to carry circular but no linear EBV genomes (27 
